Hypothesis: Drotrecogin alfa (activated), the pharmacologic form of activated protein C and the first Food and Drug Administration-approved drug for treatment of severe sepsis, is beneficial in experimental acute pancreatitis (AP).
Conclusions:
Animals with severe AP have severe consumptive coagulopathy, but administration of drotrecogin alfa (activated), 100 µg/kg per hour, does not worsen coagulation abnormalities. Drotrecogin treatment reduces inflammation in the pancreas and lungs and significantly improves survival. These results encourage clinical investigation of drotrecogin in the treatment of severe AP.
Arch Surg. 2006; 141:670-676 A CTIVATED PROTEIN C (APC) is a plasma glycoprotein that regulates coagulation after activation by thrombin. 1 It inhibits the coagulation process by degrading factors Va and VIIIa 2 and indirectly enhances fibrinolysis by promoting fibrin degradation by plasmin. 3, 4 Experimental studies with APC have demonstrated anti-inflammatory effects 5, 6 and anti-ischemic properties 7, 8 and have improved survival and reduction of organ damage after experimental sepsis. 9 The improved organ function and decreased mortality in a large clinical study of septic patients treated with APC 10, 11 led to its approval for use in severe sepsis.
Distant organ failure is the most important determinant of severity in acute pancreatitis (AP). 12, 13 Although results of studies evaluating changes in the coagulation system in AP are conflicting, 14, 15 intravascular coagulation and thromboembolism are believed to play an important role in the pathogenesis of its complications, 16 and hypercoagulability has been reported. 17 In this study, we evaluated changes in the coagulation system during experimental pancreatitis of graded severity in rodents and investigated the possible therapeutic effects of human recombinant APC (drotrecogin alfa [activated] ) in this setting.
METHODS

ANIMALS
Male Sprague-Dawley rats (mean ± SEM weight, 300±50 g) were obtained from Charles River Laboratories (Wilmington, Mass). Care was provided in accordance with the procedures outlined in the Guide for the Care and Use of Laboratory Animals. 18 The study was approved by the subcommittee on animal research at our institution. Rats were housed individually in hanging cages under standard conditions (12-hour light-dark cycle and temperature of 21°C±1°C) and fed regular rat chow. The animals were not fed overnight before the experiment with free access to water.
Laboratory-grade drotrecogin alfa (activated) was provided by the manufacturer (Eli Lilly & Co, Indianapolis, Ind). All other reagents were obtained from Sigma-Aldrich Corp (St Louis, Mo) unless otherwise specified.
EXPERIMENTAL DESIGN
Time Points
In this study, several time points were chosen for comparison. The 6-hour time point represents the time of maximum changes or effects in this model of severe AP. The 24-hour time point was used to assess mortality. To evaluate changes in an early phase, the 2-hour time point was chosen.
Part 1: Assessment of Coagulation Changes in AP With Graded Severity
A total of 114 animals were divided into 4 groups: group 1, healthy animals (n=6); group 2, controls that underwent sham operation (n=36); group 3, rats with mild pancreatitis (n=36); and group 4, rats with severe AP (n=36). At 0.5, 1, 2, 6, 12, and 24 hours after induction of pancreatitis, 6 animals from groups 2 to 4 were humanely killed, and partial thromboplastin time (PTT), prothrombin time (PT), fibrinogen, white blood cell (WBC) count, platelet count, and hematocrit were measured.
Part 2: Safety Assessment of Drotrecogin
Fifteen healthy animals received a 6-hour infusion of 5 different concentrations of drotrecogin alfa (activated). Each concentration (12.5, 17, 21, 50, and 100 µg/kg per hour) was infused into 3 healthy animals. Before the start of the infusion and every 2 hours thereafter, hematocrit was measured with a centrifuge (Readacrit; Clay Adams, Parsippany, NJ). Blood was drawn from the ventral tail artery by nicking it superficially and collected in microhematocrit tubes (75ϫ0.56 mm; Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ). After 6 hours, the animals were anesthetized and blood samples were collected for measurement of PTT, PT, fibrinogen, WBC count, platelet count, and hematocrit. Autopsy was performed to evaluate for hematomas or abnormal bleeding.
Part 3: Effect of Treatment of Severe AP With Drotrecogin on Hematologic Disturbances and Tissue Injury
Twenty-four animals were divided into 2 groups: group 5, severe AP; and group 6, severe AP and treatment with drotrecogin alfa (activated), 100 µg/kg per hour. Six animals from each group were killed at 2 and 6 hours after induction of pancreatitis. Blood was drawn and pancreas and lungs were harvested. For both time points, PTT, PT, fibrinogen, WBC count, platelet count, and hematocrit were measured. In both groups, necrosis and edema of pancreas were evaluated by a pathologist (K.B.L.) who was blinded to the treatment group and used a previously described and validated scoring system. 19 A score of 0 describes absence of that variable, while a score of 4 describes maximum development of the variable (ie, complete necrosis of organ).
Myeloperoxidase (MPO), a quantitative indicator of leukocyte infiltration, was determined in the pancreas and lungs 6 hours after induction of pancreatitis in both groups with severe AP (untreated and treated). 
Anesthesia and Catheter Placement
Surgical anesthesia was induced by intraperitoneal pentobarbital sodium (Nembutal, 50 mg/kg; Abbott Laboratories, North Chicago, Ill) and intramuscular ketamine hydrochloride (Ketalar, 10 mg/kg; Monarch Pharmaceuticals Inc, Bristol, Tenn). The right and/or left internal jugular vein was cannulated with a soft polyethylene catheter (Intramedic; internal diameter, 0.023 in; Clay Adams) for infusion of the study drugs. These catheters were tunneled subcutaneously to the neck and brought out via a flow-through tether, which permitted free movement. In groups 5 through 8, 2 catheters were placed into the right and left external jugular vein to provide a separate line for the infusion of drotrecogin (to exclude any potential direct interaction of drotrecogin with the cerulein infusion).
Induction of Pancreatitis and Treatment With Drotrecogin
Sham-operation controls received only a median laparotomy. Well-established and studied models of mild and severe experimental pancreatitis were induced as previously described. 20 Briefly, the biliopancreatic duct was cannulated with a 24-gauge intravenous catheter (Angiocath; Becton Dickinson, Sandy, Utah) and bile and pancreatic juice were drained by gravity in a 60°re-verse Trendelenburg position for 5 minutes. During the last 2 minutes of this procedure, the main duct was clamped below the liver to allow complete emptying of the biliary and pancreatic ductal system and to facilitate the subsequent intraductal infusion. For induction of mild pancreatitis, isotonic sodium chloride solution was infused; for severe AP, freshly prepared glycodeoxycholic acid glycylglycine-sodium hydroxide-buffered solution (pH 8.0 at room temperature) at a concentration of 10mM in a pressure-controlled (30 mm Hg) and volume-controlled (0.12 mL/100 g) manner were infused in 10 minutes. After completion of the intraductal infusion, all animals received continuous secretory hyperstimulation for 6 hours with intravenous cerulein (5 µg/kg per hour) at 8 mL/kg per hour as baseline hydration. Sodium bicarbonate (0.2 mL/100 g) and ketamine hydrochloride (0.2 mL) were added to this infusion. Animals in the treatment and survival experiments (parts 3 and 4) received a second simultaneous infusion at a rate of 0.6 mL/kg per hour with drotrecogin alfa (activated), 100 µg/kg per hour (groups 6 and 8), or isotonic sodium chloride groups 5 and 7). Shamoperation controls received an infusion of isotonic sodium chloride solution at 8 mL/kg per hour for 6 hours. After completion of the cerulein infusion, a second saline infusion for 6 hours at 8 mL/kg per hour was administered in sham-operation controls and those with mild and severe AP, whereas animals in the treatment groups (groups 6 and 8) received a 6-hour infusion of drotrecogin alfa (activated) (100 µg/kg per hour), also at a rate of 8 mL/kg per hour.
BLOOD COLLECTION AND MEASUREMENTS
Blood was drawn by cardiac puncture, collected in citrate (citrateblood ratio, 1:9), put on ice, and immediately spun at 4°C, 2500g for 15 minutes. Plasma was aliquoted and frozen at −80°C.
The PTT, PT, and fibrinogen were measured with an automated analyzer (MDA 180; Organon Teknika Corp, Durham, NC) according to the instructions of the manufacturer. In principle, coagulation was activated with specific substrates, and changes in absorption were measured at 35 wavelengths from 405 to 710 nm.
Cells were counted with a blood analyzer (ADVIA 120 Hematology System; Bayer, Leverkusen, Germany), which is equipped with special software that supports Sprague-Dawley rats.
Tissue was homogenized with a homogenizer (Brinkmann Instruments Inc, Westbury, NY) with 50mM potassium phosphate monobasic buffer (pH 6.0) for 1 minute. Samples were spun at 20 000g for 20 minutes and the supernatant was discarded. Pellets then were resuspended with 50mM potassium phosphate monobasic-0.5% hexadeyltrimethyl ammonium bromide buffer (pH 6.0) and sonicated with an ultrasonic cell disruptor-homogenizer (Sonifier 450; Ultrasonics Corp, Danbury, Conn) for 30 seconds followed by 3 freeze-thaw cycles. Then samples were sonicated for 30 seconds and incubated at 60°C for 2 hours. With this preparation method, it is possible to decrease background by eliminating nonspecific peroxidase activity. After spinning at 15 000g for 15 minutes, supernatant was transferred to a 96-well plate, and hexadeyltrimethyl ammonium bromide buffer dissolved in dimethyl sulfoxide was added. After reaction buffer consisting of 80mM potassium phosphate monobasic (pH 5.4) plus hydrogen peroxide was added, absorbance was read at 620 nm every 50 seconds for 5 minutes.
STATISTICAL ANALYSIS
Data are presented as mean ± SEM. Differences between groups were compared by t test or Mann-Whitney test. Survival was analyzed by the Kaplan-Meier method. Data were analyzed with GraphPad Prism version 4.00 for Windows (GraphPad Software, San Diego, Calif; http://www.graphpad.com).
RESULTS
PART 1: ASSESSMENT OF COAGULATION CHANGES IN AP PT, PTT, and Fibrinogen
Results for PT, PTT, and fibrinogen in healthy animals, sham-operation controls, and rats with mild and severe AP are shown in Figure 1 . Prolongation of PT and decrease in fibrinogen level were observed with sham surgery alone. Animals with severe AP had further worsening of PT and fibrinogen levels and a significantly prolonged PTT. Mild pancreatitis produced intermediate changes. Figure 2 shows the results for these measures. With the exception of a slight decrease in WBC count, there were no changes in sham-operation animals compared with healthy controls. The only prominent change in rats with mild pancreatitis was leukocytosis at 24 hours. By contrast, rats with severe AP had significant hemoconcentration that began shortly after induction, more marked leukocytosis, and markedthrombocytopeniathatbecameapparentat24hours.
Hematocrit, WBC Counts, and Platelets
PART 2: SAFETY ASSESSMENT OF DROTRECOGIN
During the 6-hour infusion of drotrecogin, hematocrit remained constant with every dose given (data not shown 
PART 3: TREATMENT OF SEVERE AP WITH DROTRECOGIN
At 2 and 6 hours after induction of pancreatitis, there was no difference in PTT, PT, fibrinogen, hematocrit, or WBC count between animals with severe AP and animals with severe AP treated with drotrecogin alfa (activated), 100 µg/kg per hour (Figure 3) . With the exception of a lower platelet count at 2 hours (P=.03), there was no difference between control and treatment groups.
Histologic Assessment of Severity of Pancreatitis
Mean histologic scores of necrosis for animals with severe AP and drotrecogin-treated animals were 2.8 ± 0.3 and 2.8±0.5 at 2 hours and 3.3±0.3 and 3.2±1.7 at 6 hours, respectively. Scores of edema for controls and drotrecogintreated animals were 1.8±0.1 and 2.0±0.0 at 2 hours and 2.2±0.2 and 2.0±0.1 at 6 hours, respectively. None of these differences was significant.
MPO Activity in Pancreas and Lung 6 Hours After Induction of Pancreatitis
Myeloperoxidase was detectable in healthy pancreas at levels of 1.5±0.5 mU/mg of protein in tissue, which was not different from the value in sham-operation controls (2.4±0.1 mU/mg of protein). Pancreatic MPO concentration was significantly increased in severe AP compared with sham-operation controls (22.0±6.9 mU/mg of protein; P =.009). In severe AP treated with drotrecogin alfa (activated), 100 µg/kg per hour, MPO concentration (3.3±1.2 mU/mg of protein; P =.009) was markedly lower and in fact no different from that of shamoperation controls or healthy animals (Figure 4) . In lungs of healthy animals, MPO concentration was 0.2±0.1 mU/mg of protein, but sham operation alone caused a significant increase compared with healthy lungs (2.7±0.3 mU/mgofprotein;P=.001).TheMPOconcentrationinlungs of animals with severe AP was similar to that of shamoperation controls (2.8±0.6 mU/mg of protein). Treatment with drotrecogin alfa (activated), 100 µg/kg per hour, decreased MPO levels significantly to the level found in healthy lungs (0.4±0.02 mU/mg of protein; P=.03) (Figure 5 ).
PART 4: STUDY OF 24-HOUR SURVIVAL
The 24-hour survival was significantly improved in animals treated with drotrecogin (86% [6/7] (Figure 6 ). Median survival in animals with severe AP was 11.6 hours, whereas median survival in animals treated with drotrecogin alfa (activated), 100 µg/kg per hour, was not reached by the end of the 24-hour observation period.
P=.05)
COMMENT Protein C is a 60-kDa multidomain protein that circulates in plasma as a zymogen and is activated by thrombin bound to thrombomodulin at the surface of endothelial cells. 2 Activated protein C was first described in 1979 and is a regulator of coagulation with high substrate specificity to coagulation factors Va and VIIIa. 21, 22 Activated protein C degrades those factors and therefore inhibits the coagulation cascade. 2 It also forms complexes with plasminogenactivator-inhibitor 1 and, by this mechanism, prevents the inhibition of plasmin generation and acts as a profibrinolytic agent. 3, 4 In 1991, Esmon et al 23 proposed a link between coagulation and inflammation through a common pathway mediated by protein C. This hypothesis was based on earlier observations in which the infusion of APC blocked the lethal effect of Escherichia coli infusion in the baboon, and administration of a monoclonal antibody against protein C turned a sublethal dose of E coli into a lethal response in the same model. 9 Subsequent studies showed marked anti-inflammatory effects of APC in various animal models. 7, 8, 24, 25 Joyce and coworkers 6 identified 10 genes with broad transcriptional profiling in human umbilical vein endothelial cells that were directly modulated by APC and resulted in anti-inflammatory and antiapoptotic effects. In a randomized, double-blind, placebo-controlled, multicenter trial 10 evaluating the effect of drotrecogin alfa (activated) in 1690 patients with severe sepsis (Recombinant Human Activated Protein C Worldwide Evaluation in Severe Sepsis [PROWESS]), administration of drotrecogin significantly decreased mortality and reduced the absolute risk of death by 6.1%. In that study, patients with pancreatitis were excluded, unless they had an established source of infection.
Distant organ failure is the most important determinant of severity in AP, 12, 13 and coagulation abnormalities contribute to systemic complications. 16 Ranson et al, 16 prospectively evaluating coagulation changes and complications in 35 patients with AP, found that disseminated intravascular coagulation and thromboembolism were related to overall morbidity. Lasson and Ohlsson 26 described consumptive coagulopathy and increased fibrinolysis in 27 patients with pancreatitis. These results were confirmed in experimental studies in dogs in which pancreatitis induced by intraductal bile infusion resulted in elevated PT and PTT, decreased fibrinogen, and thrombocytopenia. 27 Other studies found fibrinolysis early in canine AP 15 and low fibrinolytic activity in taurocholate pancreatitis in rats.
14 Ottesen et al 28 described a decrease in levels of protein C in animals with AP. Thus, the combination of coagulation abnormalities and inflammation in pancreatitis provide a setting in which activated protein C could play a therapeutic role.
In the PROWESS trial, there was a nonsignificant increased incidence of bleeding in patients treated with drotrecogin (3.5% vs 2%). This potential risk of bleeding coupled with a background of coagulopathy from the pancreatitis could have detrimental effects. To assess this, we determined the baseline coagulation changes in our model of pancreatitis and found consumptive coagulopathy in the early phase of severe AP, similar to what has been described in other models, 16, 27 although significant thrombocytopenia was not found until 24 hours after induction. Platelet counts in human and experimental AP differ between studies and have been reported as both elevated 16 and decreased. 26, 27, 29 We also performed a safety assessment by infusing drotrecogin into healthy rats and found no increase in PTT or any bleeding events. Other experimental studies with APC also have not found an increased bleeding tendency. 2, 27, 30 We did observe a decrease in platelet count with administration of drotrecogin in healthy animals. Activated protein C has been reported to inhibit thrombocytopenia in lipopolysaccharide-induced disseminated intravascular coagulation in rats, 31 but, to our knowledge, there is no report of any effect on platelet count in healthy individuals. We considered all tested doses of drotrecogin as safe and chose the highest dose for the treatment experiments. The same dose (100 µg/kg) has been used in numerous studies in rats and rabbits 2, 5, 8, 32 and is 4 times higher than the dose administered in the PROWESS trial, which was 24 µg/kg per hour. However, requirement for higher doses of human recombinant APC in animal studies has been described with species specificity. 23 Because of the short half-life of APC of about 25 minutes (31 minutes in citrated blood and about 18 minutes in whole blood 33 ), we decided to use a continuous infusion, as was done in the PROWESS trial. 10 In the present study, severe AP was confirmed by histologic examination, elevated hematocrit, and findings on autopsy. There was no difference in any coagulation measures nor any increased bleeding between control or drotrecogin-treated animals with severe AP. Although PT and PTT were prolonged in severe AP, as described in the "Results" section, drotrecogin neither worsened nor improved coagulation abnormalities. A significant finding was the decrease in MPO levels in pancreas and lung in the treated animals. Even the increase in MPO in lungs that resulted from sham operation was not observed with drotrecogin, demonstrating its anti-inflammatory effect, which has also been shown in other experimental models of inflammation. 10, 24, 34 The reduction of activated leukocytes in the tissue could be explained by recent findings of APC receptors on neutrophils. Activated protein C and protein C were found to inhibit neutrophil migration, which was probably mediated by this receptor. 34, 35 Interestingly, despite a decrease in MPO levels, there was no difference in the degree of pancreatic damage between groups. Although the scoring system in our study has been shown to be capable of demonstrating gradations in mild, moderate, and severe AP, the intensity of pancreatic necrosis in these experiments may overwhelm the ability to detect differences that may be present. Alternatively, the pathogenesis of pancreatic necrosis may not be related to the inflammation process, but rather may be a consequence of inappropriate interstitial protease activation in which APC would not be expected to be relevant.
Despite the absence of difference in the pancreatic injury scores, administration of drotrecogin dramatically improved survival in our study. Survival benefit with APC has also been observed in a stroke model in mice 7 and in a sepsis model in the baboon. 9 In the PROWESS trial, mortality was decreased in nearly every subgroup of patients. 36 The mortality rate of patients with pancreatitis in the PROWESS trial was 13.79% for the drotrecogintreated group and 24.24% for the placebo arm (data on file, Eli Lilly & Co). Since drotrecogin did not reverse the coagulopathy associated with AP in our study, the beneficial effects on survival appear to be independent of the coagulation system. Other experimental studies also show that improvement in survival is unrelated to improvement of coagulation changes. 23, 37 In summary, treatment with drotrecogin markedly improved survival in this model of rodent pancreatitis without concomitant reversal of coagulopathy or protection against pancreatic tissue damage. The basis for this benefit is unclear. Since pulmonary and other organ failure are determinants of mortality in AP, it is possible that the suppression of inflammation by drotrecogin, documented in this study in the lung and pancreas but also likely present in other organs, may also be of importance in this disease process. This study, which we believe to be the first to propose a therapeutic role for APC in pancreatitis, provides a basis for a clinical trial of drotrecogin alfa (activated) in patients with severe AP. 
